Roundabout capacity is primarily estimated by gap-acceptance or by geometric models. The 2010 Highway Capacity Manual (HCM 10) uses a gap-acceptance model developed by Siegloch (1973) with empirically derived values of critical gap and headway for single-lane and two-lane entries. A geometric capacity model was developed by Kimber and Hollis (1980) that diverged from gap-based models. The capacity of up to four lane entries was empirically derived from six geometric parameters.
INTRODUCTION
US single-lane capacity data was collected in 2012 as part of the FHWA project to update HCM 10 (1) to the HCM6 (2) . The capacity data was collected at 11 sites: five in Carmel, Indiana; two in New York State; three in Washington State; and one in Colorado.
These data points are shown below in Figure 1 (3) . Each data point is the observed saturated entry flow plotted against the observed circulating flow for periods of one minute. Figure 1 shows a wide range in the observed capacities for all circulating flows. At circulating flows of 200 and 700 pc/h, the observed entry capacities vary between 300-1,200 pc/h, and 300-1,600 pc/hr, respectively.
It is evident that an average capacity curve fitted to this wide range of data will not give good estimates of capacity for a given circulating flow. Consequently, there is a significant risk of over-estimating or under-estimating capacity, which may distort the design and evaluation process.
FIGURE 1 Aggregated single-lane field-collected HCM6 capacity data.
This wide range of capacity suggests that single-lane roundabouts may be separated into different geometric types.
To investigate this hypothesis, the observed capacity data was disaggregated into two distinct types of single-lane roundabout -the smaller, more compact roundabouts and those with larger, more curvilinear geometry.
Exponential capacity lines were fitted to each data set and an uncalibrated geometric capacity model was used to predict the capacity line for each data set, to test if the uncalibrated derivation of capacity directly from geometry gave a good fit to the data.
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The 2012 single-lane data is shown below in Table 1 (3) . This shows that a significant amount of data was collected from the five Carmel sites (437 useable data points), and also from the New York Glen Falls-US 9/Warren Street roundabout (242 useable data points). This constitutes 72% of the total data collected for single-lane roundabouts. Figure 2 shows that the data for each site is distinct and that the range of data for each geometric type is considerably less than the HCM6 aggregated data seen in Figure 1 .
The relationship between the difference in the geometry and the difference in the capacity data between these two roundabout types will be examined in detail using both Kimber's uncalibrated geometric model and the uncalibrated and calibrated HCM6 model. However, this is preceded by a summary overview of each model.
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The HCM6 calibrated model utilized the locally measured follow-on times from the New York and Carmel roundabouts, as shown in Table 2 . 
OVERVIEW OF THE TWO CAPACITY MODELS

UK Geometric Capacity Model
The UK Transport Research Laboratory observed saturated capacity data at 86 roundabouts, collecting a total 11,000 minutes of data. They also conducted test track experiments on 35 geometric parameters to identify those that most affected capacity. Six of the 35 were found to significantly affect capacity of each entry (24 for a four-leg roundabout).
The data from the 86 sites was used to directly relate capacity to each of the six geometric parameters. The result was Kimber's capacity model, named after the head of the research team. The model is linear, as it was not possible to demonstrate any degree of nonlinearity. The straight line fits accounted for more than 90% of the variance in the capacity. The six geometric parameters in the model are shown in Table 3 (4).
Kimber's analytical framework was based on statistical principles, utilizing regression analysis to determine the most important geometric factors that have significant influence on the entry capacity. The model was derived as explicit functions of geometric factors in terms of the associations among them. The model coefficients were then jointly optimized by regressing the entry capacity on the independent variables. These important geometric relationships have varying degrees of influence on capacity, as shown below in Table 4 . However, it is noted that the purpose of this study is not to examine the sensitivity of capacity to each geometric variable, but to determine if the geometric model may explain the wide variation in single-lane capacity data and lead to an improvement in capacity estimation (5).
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TABLE 4 Geometric Model Variables
HCM Model Development
The HCM 2010 roundabout capacity model was derived from directly-measured capacity data collected in 2003. A non-linear (negative exponential) regression line was fitted to the data. The HCM 2010 recommends local calibration of capacity models to reflect local behavior as a means of providing more accurate capacity prediction. To accomplish this, it specifies a calibration procedure using the observed/measured average critical headway and follow-up headways. The Y intercept and exponential coefficient, or slope and curve of capacity line, are adjusted using these gap parameters. Although the HCM 2010 used both the critical gap and the follow-up time for calibration to local conditions, the HCM6 study revised this, and concluded that there was weak correlation with the critical gap parameter. Calibration is now based only on follow-up time, which is now used to adjust the Y intercept of the capacity line. The unchanged capacity line is therefore moved either up or down with the adjusted Y intercept (3).
ASSESSMENT OF THE FORM OF THE HCM MODEL
The HCM6 model does not relate driver behavior or capacity to roundabout geometry as their findings showed a low correlation between geometry and capacity. Figure 3 shows the fit to all of the single-lane data with exponential and linear models. Both of them fit equally well based on the root mean squared errors (RMSE). FIGURE Figure 3 also shows the HCM6 model, which was calibrated to the average followup time, i.e., the global Y intercept anchored at 1,380 pc/h. With this constraint the HCM6 model did not fit the data as well as the other two models. Statistically speaking, we found that such a constraint was problematic and not well justified.
Using regression analysis, fixing the Y intercept implies that it is a known value and there is no variation when X=0. This implies that there is no variation in capacity when the circulating flow is zero. However, this is not supported by the observed capacity variation at zero circulating flow. By anchoring the Y intercept, the HCM6 model ignored these variations and was unable to explain them.
Furthermore, we performed a hypothesis test to determine whether the Y intercept equals 1,385 based on the other two models. We found the calculated intercept of the linear model to be 1,117 with a standard error of 13.52, and the estimated intercept of the exponential model is 1,170 with a standard error of 1.02. Both models showed that the "true" intercept is significantly different from 1,385 (both p-values < 0.00001). Therefore, anchoring the Y intercept at 1,385 pc/h was not supported by the data or by statistical reasoning. In summary, both the linear and the exponential curves fit equally well to the aggregated single-lane data, and both performed better than the HCM6 anchored with the global averaged follow-on time of 2.6 seconds.
FIGURE 3
Regression models for single-lane roundabout sites -linear and exponential models fitted directly to the data; HCM6 model calibrated to average follow-up time.
ANALYSIS OF DATA SEGREGATED BY GEOMETRY
To assess if the geometric model may explain the wide variation in the data, we disaggregated the HCM6 field data and into two data sets based on two distinct types of single-lane geometry: the smaller, compact geometry at the Glen Falls, NY, site (Figure 4 ) and the larger, more curvilinear geometry at the five Carmel roundabouts ( Figure 5 ). The disaggregated data formed two distinct groups with less spread when compared to aggregated HCM6 data.
We measured Kimber's six geometric capacity variables for the two types of roundabouts. Since each type has a range of geometry, the six geometric parameters were averaged for each type. These are shown for NY and Carmel below in Figures 4 and 5 . Smaller Single-Lane Geometrics -NY Figure 4 shows the geometric parameters for the NY roundabout and its averaged values. These are: approach roadway width (v) = 11', entry width (e) = 12', flare length (l') =20', entry radius (r) = 21'', entry angle (ϕ) = 26 deg, and diameter (D) = 105'. 
Capacity Output
FIGURE 4 Geometric parameters for Glen Falls, NY -US
Geometric Inputs (Averaged for All Entries)
Capacity Line Output FIGURE 5 Carmel, IN, roundabouts and geometric inputs. Using the average geometric parameters of each type, we compared predicted capacity line of Kimber's uncalibrated model to the field-measured data and compared this to the anchored HCM6 capacity line, calibrated to the local follow-on time.
The RMSE value was derived for each model to assess how closely the predicted capacity line fits the observed data. The model with the lower RMSE is the better fit. (The statistical analysis was performed using R Version 3.2.3). The results of this analysis are discussed in the following sections.
Analysis Results of the Smaller, Compact Geometry -NY Glen Falls Data
Kimber's uncalibrated model used the average geometric parameters to predict the capacity. The capacity line was also predicted by the uncalibrated HCM6 model using the global followup time (2.6 seconds). Figure 6 below compares both lines with the observed capacity data. The RMSE values for uncalibrated Kimber and uncalibrated HCM were 112 and 164, respectively. Kimber's geometric model was a better match to the data than HCM6 which over-estimated the capacity at low circulating flows. The geometric model's prediction below suffers from using averaged geometric parameters. When the actual parameters were used for an entry, the fit to the observed capacity data for that entry is much better. The RMSE for the Kimber uncalibrated model was unchanged at 112, and the RMSE for HCM6 calibrated to the average local follow-up time (2.8 seconds) was 138. The calibrated HCM6 model had a better fit than the uncalibrated HCM6, but it was not as good as Kimber's uncalibrated model. It also continued to over-estimate the capacity at low circulating flow. The RMSE for the uncalibrated Kimber model was 172. The uncalibrated and locally calibrated HCM6 models had an RMSE of 183 and 178, respectively. The geometric model performed slightly better than both of the HCM6 models on this segregated data set. Figure 9 below compares Kimber's uncalibrated geometric model and the locally calibrated HCM6 model (2.13 seconds local follow-on time) with the observed capacity data.
The RMSE for the locally calibrated HCM6 model was 178. As noted previously, the geometric model performed slightly better than both of the HCM6 models on this segregated data set. 
Further Data Reduction by Geometric Variables
Although the geometric parameters among the five Carmel sites were similar, they still presented a range of geometries. Subsequent evaluation of the data reveals that of the five Carmel sites, 116 th at Spring Mill Rd. and 106 th at Spring Mill Rd. have less geometric variation while still including a significant proportion of the Carmel data.
In order to determine if the geometric model provided a better fit with a narrower geometric range, we examined the capacity data from these two sites. The average geometric parameters for the two Carmel roundabouts are shown below in Table 5 , and are compared to the average of all five sites -the average radius (r) decreased, phi angle (ϕ) increased, and diameter (D) increased. Figure 10 below compares the uncalibrated Kimber model (using the average geometry of the two sites) and both the uncalibrated and locally calibrated HCM6 models with the observed capacity data from these two roundabouts.
The RMSE for Kimber's uncalibrated model was 155. The uncalibrated and locally calibrated HCM6 models had an RMSE of 181 and 158, respectively. Kimber's model performed better with the narrowed geometric parameters than both of the HCM6 models. Narrowing the data from the five Carmel sites to two sites reduced the uncalibrated Kimber RMSE from 172 to 155. This implies that the large variation in the data from all sites is caused by geometric variation. The results show that with smaller, more compact roundabouts, the HCM6 model overestimated the entry capacity; while with larger, more curvilinear roundabouts, it underestimated the entry capacity at mid-to higher-range circulating conditions and overpredicted capacity at lower circulating flows. The HCM6 model with local calibration performed better. However, it is noted that our analysis used local follow-on times for roundabouts with distinct geometries. This suggests that the differences in geometry are a significant cause of the different follow-on times for each location. This was reinforced by the results from the uncalibrated geometric model. It is therefore concluded that the difference in driver behavior, manifested by the difference in follow-on times at each site, is caused primarily by the differences in geometry. The wide range of single-lane data is problematic for accurate capacity prediction. This wide scatter suggests that there may be geometric distinctions between single-lane roundabouts that affects their capacity. To examine this hypothesis, the data was segregated into two geometrically distinct types of roundabouts -smaller, compact geometrics and larger, curvilinear geometrics. The data points for each type of single-lane roundabout were distinct and had less scatter than the aggregated data of all the single-lane roundabouts.
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CONCLUSION AND FUTURE RESEARCH
To further examine if these differences in capacity were caused by the differences in geometry, Kimber's uncalibrated geometric model was used to predict the capacity line using the geometry of each type. This gave a good fit to both sets of data, reinforcing the hypothesis that the capacity variation is explained by the difference in geometry.
The HCM6 model relies on local follow-on times to account for differences in driver behavior. However, Kimber's geometric model relates capacity directly to geometry. The good fit between the uncalibrated geometric model and the local data indicates that the geometric differences between sites are the primary cause of the difference in driver behavior between sites.
These findings could be further tested by selecting geometrically opposite roundabouts for each of the two regions (a larger, more curvilinear roundabout in New York, and a smaller, more compact single-lane roundabout in Indiana). If the results support those of this paper, it would confirm that the differences in driver behavior are caused primarily by differences in geometry rather than 'regional' non-geometric driver behavior. Roundabouts in the same area with markedly different geometries would also be a useful test, as the regional follow-on time would be the same for both, but the actual times quite different due to their geometric differences.
